Celiac disease (CD) is a small intestinal enteropathy caused by permanent intolerance to wheat gluten. Active disease is characterized by a prominent cytokine response of intraepithelial lymphocytes (IELs) to gluten-containing diet with concomitant increase in expression of proinflammatory IFN-g and down-regulatory IL-10 without increase in tumor necrosis factor-a (TNF-a) or transforming growth factor-b1 (TGF-b1). The aim was to understand the local immune reaction by determining which intraepithelial T cell subsets produce the different cytokines. The three major IELsubsets gdIELs, CD4
Introduction
Celiac disease (CD) is a chronic inflammatory disease of the small intestine caused by inappropriate immune reactions to dietary prolamins in wheat, barley and rye, in particular wheat gliadin, in genetically susceptible individuals carrying the HLA-DQ2 and/or HLA-DQ8 alleles (1) . In active disease, there is an intestinal lesion characterized by villous atrophy, crypt hyperplasia and increased numbers of leucocytes both within the epithelium and in the lamina propria. Clinical and histological improvements are seen upon withdrawal of gluten from the diet (2) . A central role for T lymphocytes in CD has long been recognized by the observation that the frequency of activated CD4
+ T cells increases in lamina propria in active disease (3) . Moreover, gliadin-specific, HLA-DQ2-restricted CD4 + T cell clones and HLA-A2-restricted CD8 + T cell clones have been isolated from the small intestinal mucosa of CD patients (4, 5) .
Profound changes in the frequency, composition and activation stage of intraepithelial lymphocytes (IELs) are a hallmark in CD. Small intestinal IELs are composed of multiple T lymphocyte subsets (6) . The frequencies of both ab-and cdIELs are increased in the small intestine of CD patients and abIELs were shown to vary with disease activity. It is still not settled whether the frequency of cdIELs also varies with disease activity or is constantly elevated (7) (8) (9) . Active CD is associated with a selective expansion of the otherwise rare NKT cell-like CD94 + CD103 + CD8 + IEL subtype (10) . Two cytokines, pro-inflammatory IFN-c and down-regulatory IL-10, are produced in significantly higher amounts in IELs of patients with active disease compared with both treated CD and controls (11) . Both cytokine responses were more pronounced in IELs compared with T cells localized to the lamina propria and the frequency of IFN-c-positive IELs was 10-fold higher in active CD as compared with controls. Active CD is also associated with IL-15 production by intestinal epithelial cells (iECs) (12) . IL-15 in turn affects IELs (13) (14) (15) (16) . We have observed that bacteria are frequently associated with the epithelial surface of CD patients, but not with normal controls (17) . Perhaps the combination of bacteria and gluten adversely affects iECs in CD patients promoting inflammation. These results all point towards important roles for IELs in the pathogenesis of CD.
To further our understanding of the role of IELs in the pathogenesis of the disease, the cellular sources of the different cytokines produced were investigated. To this end, we compared the cytokine mRNA expression levels in freshly isolated IEL subsets of children with newly diagnosed, active CD. Comparisons with expression levels in IEL subsets of controls with no food-intolerance were also performed.
Methods

Patients and biopsy sampling
Intestinal biopsies were collected from children admitted to the Department of Pediatrics at the University Hospital of Northern Sweden, Umeå , on suspicion of CD. One or two adjacent biopsies were collected from distal duodenum/ proximal jejunum at the region of the ligament of Treitz using a Watson pediatric capsule. Part of one biopsy was used for routine pathology examination and grading by the Alexander score (18) . The rest of the biopsy material was immediately placed in ice-chilled HEPES-buffered RPMI1640 containing antibiotics and used for cytokine mRNA analysis. The cell isolation procedure was started within 45 min. Patients were from two diagnostic groups, newly diagnosed CD patients with active disease and controls with no known food intolerance. CD patients were seven boys and five girls [3.2 (0.8-12.5) years (median and range)] showing elevated anti-endomysium antibodies of IgA isotype (EMA) and/or anti-gliadin antibodies of IgA isotype titers and a small intestinal mucosa with elevated numbers of immune cells and villous atrophy (Alexander 3 or 4) . Controls were five boys and five girls [5.9 (1.7-16.5 ) years] with EMA titers below 1/20 and normal small intestinal histology (Alexander 1). Informed consent was obtained from the parents. The study was approved by the local Research Ethics Committee of the Medical Faculty, Umeå University, Umeå , Sweden.
Cell isolation procedures
IELs were isolated from jejunal biopsies by combination and modification of previously described procedures (11, 19, 20) . Briefly, the biopsies were treated with dithiotreitol under vigorous shaking at room temperature. RNA preparation and real-time quantitative reverse transcriptase-PCR Total RNA was extracted from positively selected IEL subpopulations by the acid guanidium thiocyanate-phenolchloroform method and suspended in RNase-free water containing 1 kU/ml RNasine ribonuclease inhibitor (Promega, Madison, WI, USA) as described (20) .
Levels of mRNA for IL-2, IL-10, IFN-c, tumor necrosis factor-a (TNF-a) and transforming growth factor-b1 (TGF-b1) were determined by using real-time quantitative reverse transcriptase (qRT)-PCR assays with RNA copy standards previously constructed at the laboratory. These assays all utilize the TaqMan EZ technology ((PerkinElmer Biosystems, Foster City, CA, USA) in which the thermostable Thermus thermophilus DNA polymerase is used throughout the RT and PCR reactions and the 3#-primer is used for reverse transcription. Specific primer pairs are placed in different exons and used in combination with a 5#-flourescent reporter dye-labeled internal probe hybridizing over the exon boundary in the mRNA sequence. For sequences of primers and probes and preparation of RNA copy standards, see (11, 21, 22) . Emission from released reporter dye was monitored by an ABI Prism 7700 Sequence Detection System (PE Biosystems). Samples were analyzed in triplicate and mRNA concentrations determined from parallel RT-PCR analysis of serial dilutions of the RNA copy standard. 18S rRNA was previously found to be the most stable housekeeping gene when comparing resting and activated T lymphocytes (23) and was therefore chosen for normalization. All samples were analyzed for their content of 18S rRNA by preparing cDNA using random hexamers followed by specific realtime qPCR according to the manufacturer's instructions (PerkinElmer Applied Biosystems). 18S rRNA concentrations were expressed as arbitrary units per microliter as defined from a standard curve obtained by parallel reverse transcription and qPCR of triplicate serial dilutions of a pool of total RNA extracted from activated PBMC. One unit was defined as the signal obtained by 10 pg of this RNA pool and corresponded to ;100 lymphocytes (23) . Results are given as cytokine mRNA copies per 18S rRNA unit as an estimation of the average cytokine mRNA content per 100 cells or as percentage of the total amount of a given cytokine mRNA species. Percentage was calculated as (amount of the cytokine mRNA in a given IEL subset retrieved from one biopsy/the amount of the cytokine mRNA in cdIELs + CD4 + IELs + CD8 + IELs from the same biopsy) 3 100.
Statistical analyses
GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used for statistical analysis and graphic representation. One-way analysis of variance (ANOVA) with post hoc analysis using the Bonferroni multiple comparison test was used for statistical analysis of differences between IEL subtypes in cytokine mRNA expression levels. Statistical analysis of differences in cytokine mRNA expression levels of IEL subtypes of CD patients compared with controls was performed using Student's t-test. Analyses of correlation between mRNA expression levels of different cytokines were performed using the Pearson correlation test. The variance of the groups was tested for equality by F-test prior to ANOVA, t-test and correlation analysis. Two-tailed analyses were used in the two latter methods. A P value <0.05 was considered statistically significant.
Results
We have previously shown that CD3
+ IELs of CD patients exhibit a significant increase in expression levels of both IFN-c and IL-10 mRNAs, with a concomitant significant decrease of TNF-a and IL-2 mRNA levels compared with CD3 + IELs of controls (11) . Furthermore, there was a strong correlation between IFN-c mRNA expression levels and number of IFN-cpositive IELs as detected by immunoperoxidase staining. Moreover, IL-10-positive cells could also be detected within the epithelial compartment by using immunohistochemistry. These results raised the question whether the cellular source of IFN-c and IL-10 is the same or whether IL-10 production is induced in a different subset. Therefore, freshly isolated IELs from CD patients with active disease were subdivided into cdIELs, CD4 + IELs and CD8 + IELs by sequential positive selection, and the expression levels of IFN-c, IL-10, TNF-a, IL-2 and TGF-b1 mRNAs in the different subtypes were determined. For comparison, the same T cell subtypes from IELs of controls with no known food intolerance were also analyzed. For CD patients, the relative proportion of 18S rRNA was 52 6 17% in the cdIELs, 9 6 7% in the CD4 + IELs and 39 6 17% in the CD8 + IELs.
CD8 + cells are the main producers of IFN-c in IELs in active CD
In CD patients, the average expression level of IFN-c mRNA per cell was significantly higher in CD8 + IELs than in both cdIELs and CD4 + IELs (Fig. 1a and Table 1 ). CD8 + IELs also contributed with most of the IFN-c mRNA in each sample (78 6 10%, mean 6 SD), with cdIELs as the second important source (17 6 11%) contributing significantly less than CD8
+ IELs but still significantly more than the CD4 + IELs (4.7 6 4.5%) (Fig. 1b) . Although the expression levels of IFN-c differed considerably between IEL subtypes in CD patients, all three subtypes showed a significant increase compared with controls and CD8 + IELs reached as high mean expression level as 2544 copies per 18S rRNA unit corresponding to an average expression of ;25 copies per cell (Table 1) .
CD4
+ cells are the main producers of TNF-a in IELs in active CD
+ IELs exhibited the highest expression levels of TNF-a mRNA and CD4 + IELs also constituted the major source of this cytokine in most samples (50 6 26%; Fig. 1c and d) . In active CD, both CD4 + IELs and CD8 + IELs had significantly higher expression levels of TNF-a mRNA than cdIELs (Fig.  1c and Table 1 ). However, CD4
+ IELs were the only IEL subtype that exhibited an increased expression level of TNF-a mRNA compared with controls (Table 1) . TNF-a mRNA expression was negligible in cdIELs of both CD patients and controls ( Fig. 1c and d and Table 1 ).
CD8
+ cells are the main producers of IL-10 in IELs in active CD Active CD also induced drastic changes in expression levels of the down-regulatory cytokine IL-10 in all three IEL subtypes (Table 1) . This was most marked in CD8 + IELs and cdIELs, i.e. from a mean of a few mRNA copies per 18S rRNA unit in controls up to %100 copies per 18S rRNA unit (Table 1) . Although the expression levels of IL-10 mRNA were similar in all three IEL subsets in active CD (Fig. 1e and Table 1 ), CD8
+ IELs were the main contributors (62 6 15%) followed by cdIELs (23 6 14%) and CD4
+ IELs (15 6 14%) (Fig. 1f) .
TGF-b1 mRNA is expressed at high levels in IELs of both CD patients and controls
The down-regulatory cytokine TGF-b1 exhibited a quite different expression pattern compared with IL-10. TGF-b1 mRNA levels were only moderately increased in IEL subsets of CD patients compared with controls and only for CD4 + IELs did this increase reach statistical significance ( Fig. 1g and Table 1 ). Still CD8 + IELs contributed with significantly more TGF-b1 mRNA than CD4 + IELs and cdIELs (Fig.  1h) , which is explained by their relatively high expression level and large proportion of the IELs. TGF-b1 mRNA levels were high compared with the other four cytokines analyzed in both CD patients and controls and its mRNA levels were %30 times higher than those of IL-10 in CD4 + IELs of both groups ( Fig. 1g and Table 1 ).
Active CD does not increase IL-2 mRNA expression levels in any IEL subtype
The expression levels of IL-2 mRNA were generally low and several samples from patients with active CD did not have detectable amounts of IL-2 mRNA (7/12, 6/12 and 2/12 for cdIEL, CD4
+ IEL and CD8 + IEL samples, respectively). Expression levels of IL-2 were markedly lower in cdIELs compared with CD4
+ IELs and CD8 + IELs in both CD patients and controls (Table 1) .
Classical CD8
+ IELs significantly contribute to the elevated levels of both IFN-c and IL-10 mRNA in active CD
The CD94
+ CD8 + subset of IELs is expanded in active CD (10) . We argued that these cells might constitute the cellular source of the increased amounts of IFN-c and/or IL-10 mRNAs expressed in active CD. CD94 + CD8 + IELs of patients with active CD were therefore collected by retrieving CD94 + IELs. We subsequently retrieved CD94 2 CD8 + IELs from the unbound cell fraction. Equal numbers of cells were obtained in the two fractions as estimated by the amount of 18S rRNA (49.5 6 19% and 50.5 6 19% in the two fractions, respectively; n = 6).
Contrary to our expectation, the expression levels of IFN-c mRNA were higher in the CD94 2 CD8
+ IELs in five of the six patients analyzed and the average expression level in CD94 2 CD8
+
IELs was 3.4-fold higher than in the CD94
+ CD8 + IELs (Fig. 2a) . Similarly, the expression levels of IL-10 were higher in most CD94 2 CD8 + IEL samples than in the corresponding CD94 + CD8 + IEL samples (four/six samples) and the average expression level was 5.2-fold higher in CD94 2 CD8 + IELs (Fig. 2b) . The results for TNF-a and TGF-b1 mRNAs showed the same tendency (data not shown).
IL-10 correlates with different cytokines in different IEL subsets
The possibility that active CD causes changes in production of several cytokines in parallel in a particular IEL subtype was addressed by performing correlation analysis of expression levels of mRNA for IFN-c, TNF-a, IL-10 and TGF-b1 in the three IEL subtypes separately.
Interestingly, these analyses showed several strong positive correlations between pro-inflammatory and down-regulatory cytokines and suggest that (i) cdIELs comprise two subpopulations one expressing IL-10 and TGF-b1 (Table 2 and Fig. 3a) and one expressing IFN-c and TNF-a (Table 2) .
(ii) CD4
+ IELs appear to comprise one population simultaneously expressing TNF-a, IL-10 and TGF-b1 (Table 2 and Fig. 3b ). (iii) CD8 + IELs finally seem to comprise two cytokine producing populations, one expressing IFN-c and IL-10 ( Table 2 and Fig. 3c ) and one expressing TNF-a and TGFb1 (Table 2) .
Discussion
The most striking result from this study is that IFN-c, the hallmark cytokine of active CD, to a large extent is produced by CD8 + IELs. The average IFN-c mRNA content per cell in fact exceeded that of polyclonally activated blood T lymphocytes (23). Previously we showed that ;60% of all IFN-c mRNA expressed in small intestinal T cells of the patient group analyzed here, i.e. children with newly diagnosed, active CD, is expressed by IELs (11). Here we found that on average, 80% of the IFN-c mRNA in IELs is expressed by CD8 + IELs, implying that approximately half of all IFN-c is derived from CD8 + T cells in the epithelium underscoring the importance of the epithelial reaction in the disease. These results are in accordance with those of Olaussen et al. (24) who reported that the majority of IELs that stain positively for intracellular IFN-c expresses CD8. The nominal antigen for the CD8 + IELs is not yet determined. However, short-term cultures of MHC class I-restricted, a-gliadin-specific CD8 + cells have been established from small intestinal biopsies of CD patients (5) . Interestingly, these cells produced IFN-c upon in vitro challenge with gliadin peptides. Non-specific mechanisms may also be operating in the celiac lesion. A gliadin peptide that apparently is not a T cell epitope can induce rapid expression of IL-15 in the intestinal mucosa of CD patients (25) and recent studies suggest that IL-15 can stimulate IELs to Freshly isolated subtypes of IEL retrieved by sequential positive selection using magnetic beads charged with anti-cd-TCR mAbs (cdIELs), followed by magnetic beads charged with anti-CD4 mAb (CD4 + IELs) and finally magnetic beads charged with anti-CD8 mAb (CD8 + IELs). b Expression levels of indicated cytokine mRNA species expressed as mean 6 1 SEM mRNA copies per 18S rRNA unit. Numbers of samples analyzed are 10 for controls and 12 for CD patients. Fold difference calculated as mean expression level in CD patients over mean expression level in controls. * P values indicate statistically significant differences between cytokine mRNA expression levels in CD patients compared with controls as determined by two-tailed, unpaired Student's t-test. NS = not significant. cytotoxicity by mechanisms that override restriction by TCR recognition (16, 26) . The frequency of CD8 + IELs expressing the NK-receptor CD94 is increased in active CD (10) and IL-15 was also reported to induce CD94 expression and IFN-c production by IELs (14) . However, from the present study, it became evident that classical CD8 + IELs contribute most of the IFN-c production in active CD with CD94 + CD8 + IELs also contributing significantly. Thus, gluten intake might cause parallel adaptive and innate reactions, both involving IFN-c production by CD8 + IELs in CD patients or there might be a gradual transition from specific to TCRunrestricted activation of CD8 + IELs. CD4 + IELs were the only subtype that showed increased expression levels of TNF-a in active CD and, hence, the little TNF-a mRNA expressed was derived mainly from these cells. Although the contribution of CD4 + IELs to the IFN-c production was minimal (%5%), their expression level of IFN-c per cell was elevated compared with controls, suggesting an ongoing, weak T h 1 response in addition to the massive IFN-c response by CD8 + IELs. A small population of CD4
+ IELs with a T h 1 cytokine profile is normally present in the small intestinal mucosa of man (6, 27) . Their function is not yet settled but it is conceivable that they regulate immune responses within the epithelial compartment and they could have a role in initiating the anti-gluten reactivity of CD8 + IELs. Whether these cells are gluten specific in CD patients is not known but HLA-DQ is expressed on a small fraction of the iECs of small intestine (6) and IFN-c can upregulate the HLA-DQ expression in intestinal epithelial cell lines (28) giving the opportunity for presentation of immunogenic gliadin T cell epitopes on iECs in individuals carrying the predisposing HLA-DQ alleles.
The expression levels of pro-inflammatory cytokines, particularly TNF-a, were low in cdIELs compared with the other two IEL subsets. This is consistent with the results of Lé on et al. (29) who reported that the cytokine response to in vitro stimulation is stronger in abIELs compared with cdIELs and that in vitro stimulated abIELs of CD patients retain their T h 1 profile.
One very intriguing finding from the present study is the fact that active CD was associated with significantly elevated expression levels of the down-regulatory cytokine IL-10 in all 2 IELs of children with active CD (n = 6). Cytokine mRNA and 18S rRNA contents in the samples were determined as described in Figure 1 and expression levels were calculated as the ratio between the content of a given cytokine mRNA species and the 18S rRNA content. Filled circles represent values of single samples and the lines connect samples from the same patient. Cytokines for which the mRNA expression levels were compared in each individual samples. three major IEL subsets analyzed. Expression levels of IL-10 correlated with the 'marker cytokine' of the respective IEL subtype. In the case of CD8 + IELs, there was a significant correlation between expression levels of the IL-10 and IFN-c mRNAs. We interpret high degree of correlation between expression levels of two cytokines in the subfractionated IEL populations to mean that the same cell produces the cytokines. With this assumption, our data indicate that IEL contains at least five functionally different T cell populations (Fig. 4) .
In active CD, four of these are activated and/or expanded. Only one example of CD8 + T cells that produce both IFN-c and IL-10 has previously been reported, namely, human small intestinal IELs after prolonged stimulation with IL-15 in vitro (14) . In the case of CD4 + IELs, the IL-10 mRNA levels correlated to TNF-a mRNA levels. We are not aware of any report of CD4 + T cells simultaneously secreting these two cytokines. In cdIELs finally, IL-10 levels correlated with TGFb1 levels, a common combination in regulatory cells. Several types of regulatory T cells exert their function in the intestinal mucosa by secretion of IL-10 (30) and addition of IL-10 significantly inhibited responses to gliadin challenge in organ cultures of intestinal mucosa of CD patients (31) . Thus, the expression of IL-10 in the IEL subsets is indeed suggestive of a regulatory function and an attempt to counteract the pro-inflammatory features in the mucosal gluten response apparently in an autocrine fashion. Most regulatory T cells described to prohibit or attenuate gut inflammation in mouse models are CD4
+ (30) . cdIELs have, however, also been shown to have immunoregulatory function through secretion of IL-10 (reviewed in ref. 32 ) and co-culture with iECs induced a regulatory function in CD8 + T cells suggesting that CD8
+ suppressive IELs can be generated during activation locally within the epithelium (33) . We have previously shown that freshly isolated lymphocytes of both normal and inflamed intestine have the capacity to kill the T cell line Jurkat by a Fas ligand/Fas-mediated TCR-independent mechanism (34, 35) suggesting ongoing activation-induced cell death (AICD). Recently Ellen Ebert (14) showed that IL-10 promotes this Fas ligand-mediated cytotoxicity. Thus, it is likely that local immune reactions in the small intestinal mucosa normally are regulated by a delayed onset of IL-10 production in the activated IEL that shuts down the immune reaction by killing of activated IELs by AICD and that the IL-10 production seen in active CD is a reflection of an AICD that is not sufficiently strong to turn off the inflammatory process. To be able to increase the IL-10 production or to administer IL-10 locally may prove to be a useful future therapy by which one might dampen the inflammation and at the same time reduce the number of gluten-reactive T cells by promotion of AICD. This in turn may yield better tolerance to gluten-containing diet.
Taken together, the results from the present study point to a pronounced epithelial reaction in active CD with all three major IEL subsets activated. Apparently, both CD8 + IELs and CD4
+ IELs contain cell populations that simultaneously secrete a pro-inflammatory cytokine, IFN-c and TNF-a, respectively, and a down-regulatory cytokine, IL-10, while the cdIELs seem to have a more conventional regulatory role with simultaneous production of IL-10 and TGF-b1. The strong inflammatory reaction, most pronounced in the CD8 + IELs, is compatible with the notion that gluten is mistaken for a pathogen at the epithelial surface in CD patients yielding innate and adaptive immune responses perhaps triggered or enhanced by bacterial adhesion to the epithelium (17) . 
